
I 

I 

i 

'i 
I 
1 

Yf i 
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1, Inmmtdoa 

rocks, Thew ~CBC~IOIIB hnm proceeded over geolopcal 
me6 and thc rtcady-rtate ran0 13@Pu/"'U ir about m Thlr figure ir equivalent to a few thousand 
atoms of 13vpP per pun of rock containing 1 pprn of 
uramum Highly diluted Pu 10luuonr may result from 
the percolabon of water throqh the mcks. tb8 
wry, ground and underground water8 may contain a 
limited number of atom8 of Pu which will depend on 
many puuacten, rucb PI the urmum content of the 
media, the hviauon process, the solubility of Pu, etc 

Finally, very small pockew of fluids occupying a 
volume of tens of cubic m o n s  up to reveral cublc 
rnillrxnetera, my cmst m rocks and scm tu traps for 
natural Pu atoms 

The distribution of anvironmentrl Pu in expanded 
aqueous aystems sucb as lakes a d  o ~ e a ~  is relevant 
to tracer scale ChaTuKtry The molar concentrubon of 
dmolvcd PU in these nrtunl re~ery~ln ir of the order 
of 10'17*t The behamour of Pu at this sale cafl k 
fturly well pndrctcd by applymg dadcal therolodp. 
d c  a d  kinetic concepts [14] 

On the other hand, 1 ~ .  certain natural rytcm8 of 
h t e d  extent, the expocttd concatratioxu of Pu arc 
60 low that they cornspond to a "sub-tracer" Iml for 
whcb th#c u r d  concepu PO longer hold 

In the present work, the expected behavlour of 
tracer and sub-tracer rcalc Pu in environment-lrls 
aquatic rylrtenu will bo drunrrsed 



R Gutllrumont and J P Mloff w 

I 1 

gal 
10 

0 

-10 

The diaprn alto includcr the *water window" 
t15-37, whch is the envelope corruspoading to the 
mp of Eh-pH conditions found in natural enylron* 
mmtr. Only occarioaal nlunhll outride this domain. 
It ir seen that un&t onc conditions, the only porsible 
rodon  & the disproporttonadon of Puo. The dic 
mnon wlll therefore be focuted on this d o n ,  md 
on the competing asmiation (lhitud to the fInt rtep, 
i c. the fomtion of dimers) md complexation raw 
tiont of Pu(rv), pU0 md Pu(VI), In the pmat 
context, the oxidation cute Pu(1IX) ir only of minor 
bponraoC, but for the sake of tomphWES8 data 
m1rdtw to this mu will dso be trportai. 

(8): Complexation of Pu in a gim oddation ~tatc, 
denoted by PuO, with Ii@s such u COS' in& 
cattd by L: 

(b)' DimerttrtSon of Pu ID I @en oxidrdon ate 

The tlm typer of nactionr of i n m t  are: 

puO+ it+Pu(X)& 

pum + puo * l w 9  JG 
(C): m m p O d W 8 k  

2pu(y)*pu(Iv)+puDcI) & 
Another approach towudr tbe pmdktion of the 

bthavlour of Pu involver ulculrtion of the oqutlib- 
rium conrtaota requid for meuurcment of the -ut- 

nffctlvy mditlon CUI be wpm#d by igiwn per- 
centap (lay, betwoen 5% md 95%) of the total Pu 
conccntradon WW ahoutd ba huad in the apeden 

fibdm concCnt?8hM Of tbc VdOm hl8@88, T b i B  

hbk 1, K vdua requid  for the obrrmraon of pourbk Pu 
q u i h b n a  

W C t l O I l  b8P 

such that mwUrGment CUP be performed. C ~ l ~ ~ l n t e d  
K valuer, lummanted in Table 1, arc then compared 
with those emmated u I fuacaon of pH for vanow 
concuntratiolu of inorgans and organrc complcxtop 
8rnU It should be pointed out that Kvaluer for acid- 
base readon, in aqueous solutlonr such IS (a) and (b) 
M not as wily predicted u those for redox fcactio~~ 
rueh u (c) 

2,1 Disproportionation of Pu(V) and 
complexation with inorganic ligands 

The pnnclpd and noit common complcxlng agents 
of achnides m natural waters are carbonate anionr 
The carbonate concentratton 16 expressed in terms of 
the Cot prcssure P, or of logP(C0,) For gramttc 
waters, 10gP(C02) ia m the range of -3 5 to - 1 or 
even hj*. Hence tho Eh-pH diagram in Figure 1 has 
been drawn for M average vdue logP(C0J = -2. 
The data used in sctttng up the dlagram are 
summarized In Table 2, mogt of the valuer 8~ quite 
recent and agrec wth thosc found la vpriow ltterrturc 
surveys [8,24-26), The vdun have been adjusted to 
Zero ionic strength dtb the rid of the tpmfic theory 
of ionac interactlon 'Some of the data for Pu were 
obtained by extrapolating tbow from aclghbonng 
actldds in the appmpnate oxhhon state 

The rchcmt ptvtll a fdr picture of polslble hydroly- 
riS and complwnaon reacttoas wlth carbonato that 
Pu(III), P@) snd PuO 4uo iona may undergo at 
tracer d e  oonmtxations UI aquatac ryrtcmr at a pH 
up to 9 The formation of hydroxo-csrbonate 
complexer har not ban conudered 
The prognosis ir more difficult for Pu(Tv) aquo ions 

aogprtude - on the fomrtlon constant of Pu(OHl4. 
Published data on the bydrolyrir of M4+ actlalder arc 
reproduced in Table 3 The hydrolysu of M4+ 10~8,  
and part~cularly of Pu", has been taken into account 
using a vduc between - 5 and - 9 rt zero ionic 
rtrmgtb The upper h i t  (211 11 close to the more 
rchable log!, values aaCrrmned for M4 + actinide ion8 
other than Pu4+. With hcr*urng pH of the 801utIon, 
Pu(W can k oxidized, or. dtttnrbvely. it my die 

becaw of the tprgc lummkinty - wed odm of 
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conclusion holds for hi* p(c03 values, but not 
for l o w  onp 

Tho presence of othor inorganic wxnplming d o n i  
nrob u Sot-, w,', F' md Cf' in fidtluently lupb 

- .. 
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2.2. Dirpropottioaatioa Of PU(V) 
and complexrtion 
with nrtural orsanic materials 

.*. . -  

complexation of PuOf' prcvaii over hydtolytis, the 
dominant 8pecrer i s  PuOaA' over the whole pH ran@ 
of rnttrcst Tbe pomblc rcductroa of Pu(V1) by the 
humic acid hsr been neglected, especially since data 
on mdox reacbon8 an fkwquently Wq [lq 

The oamputod logKfpH VUIP~OII IS &own in 
Fig 2, put B The conconfrace of the emtimated X 
value, wth thore requrzed for the obsmnam ofcqu- 
bbriwn ruggcso that, wihn some range of pH, pU0 
may undergo a simple dirproportiollotron m the pres- '* 
ence of hunuc a d .  

2 3 Dinproportionation o f  Pu(V) 4 

and complexation by inorganic 4 
and organic anions 

If both types of complaung tpecla intenme, tbc br- 
hawour of pu may kcomr very colnplinkd Part c 
of Pi# 2 rhom the m t i o n  of logx a: a fupcdon of 
pH for reactron (c), wtth the uatne concentrauotl of 

portionation ofPIA0 are not wry diffcrsnt from those 
found m the pmour me. 

In IIIZIIZIIIV~, the vuuttoar of IogK 1 ~ 1  a h c t i  on 
of pH reported in Fig 2 IVC tentative and should be 
intcrprcd with caution Howcvn, it appean that the 
complexr~on of Pu by humc rei& and carbonate 
anom may be favoured in ceruun aquaac system and 
that, under fuvourablo oonditionr, leu-redox ~ b o r i s  
of F+u may m, provided that the latter uc not 
krnchcally htndered. Thl8 it of conuderable import- 
ance a d  will be dirCur8ed wow, 

humicaad T b c ~ ~ n c l u s i ~ w i t h ~ t a t h e d i r p r o -  

t - 1/&C 
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of the Lunitcd nmk of mcting entitier can be cx- 
p d  by the nu0 

x (?*E 
which becomes qua! to u t y  when the C h i r i d  de- 
ccnpuon a m k ,  

This trestmrat hsr been apphd to vanow ma- 
tiom oFPu The calculation &ow, that for all redom 
between a rmcxocomponent, auch as Pu, and a 
mamoomponent, for inrtana acompkxing qat llke 
L in w o n  (a), Q - 1 ,  prowled dl rtoichomttnc 
coflicicnts of tbe microcomponent arc equal to one. 
Thrr condudon holda for nay number of nsotlp8 end- 
dcs Accordin#ly, the behnviour of a fcw Pu atom 
with rerpect to complwuhon wltb I mrcroscoplc 
amount of reagent 18, on the average, the same 8) at 
the tram 8sdc 

On the ather bond, for n m o n r  between two 
raicrocomponcnu, nrch a8 tbe dimenlstlon reaction 
(b) and the dirpropomoaadon (c), the ratro Q b a 
f'umion of the number of rcackng mtitrca md must 
be colculatwi for each ipcdfic quilibnum 

For illwhtion, two e x m e  dtuatlonr Will be con- 
ridered: first, the wolutioo of Q for tho CqufI~bno @) 
and (c) when the number of Pu rtomi in a $veri 
oxidation state inoruaSsl(~lt.rting wth 2 atom) and 
for wbch quilibnum my be achieved only in a very 
dutanc hue, The recond cuc rofnr to the last step 
m the mstanu of a populatm of Pu rtoms before 
their total cndnction, wwdq that that moment 
the equihbnum itate (for laitance that of the dIrpr+ 
portionadon reaction (c)) har been eatabltshtd 

4 1 Progressive growth o f  the number 
of Pu atoms 

The variation of the fitlo p for d o n  (b) U 8 fklw 
POP of the number of pU0 entlucl u shorn 10 Fig 3 
for the two d u m  10-a md Id of the "chdcal" 
equilibrium m t m t  I Whan X< 1 md the number 
of Pu atom u below li few tens, the extent of dimmss- 
tion ir lesa than at "wual" trwr concentratianr If 
R> 1, the evoiubon t man mpl~cated becapre the 
extent of reaction may be higber or lower than that 
expected for a luge popthoon (above d hun- 
dred entities). Thrr MICS fmm tho fact that Q dependr 
o n t h t n ~ b e t o f ~ ) ~ l l ~ , w h i E b i r e q u r l t a t h P t  
of the Pu atoms; the latter may be wen (for 2 modulo 
2) or odd (3 modulQ 2). For each addmarl Pu rtbm, 
theayetun fluctuates from one pup to the IlQtt a d  
the reaction ptoccsdr chaotially unhl the populatton 
ham reached m#al hundred addor, 

At tbrr polat of tba &-on, it it htcreshg to 
note that the rdrorption (mppored nvsnible) of a 
Pu rpscla on m e  colloidal form of an oluncnt M 
--to 
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4.2 Progrosuivc dortb of I population 
of Pu .toma 

Auuming that the dhptoportionation qdlibrium (c) 
u Wabhrhtd at the tr8car d e ,  Le, for a hqp number 
Of Pu atarm, d o r c d ~  dmy nill lcrd 

. r  h 



"i I 1 
e 

rn 

0 3  I! 

for K, i e Kz Next, a new et K3 and N, ir cborm, in 
whkh Na, whcb n immcdrrtely below N, ir the l n t c p  
d u o  of the nun of the average number of the N~~~~ 
mt~ttcs~culatcdwthK~,md:oon Iriswtnthntthe 
equrlibriaun conitant dccrcw from itr mhal value to 
that allowed by the mmllcst value of N comprtible 
wth thc rtolckometry of the d o n ,  

Fig 5 show that for K< 1 ,  the p valuer drop wry 
rapidly 1 N decrrprn TIUS mcann that lem md ltar 
puor) atoms diaproporbonota whlar&e papulation 
diminishes The wtuatron ir the umt when K> 1, but 
now chaobc &mntiauiuet may appear in the mol- 
uuon of p when the ~ u ~ e e r m *  N vduw suddenly 
change from an even to m odd rerin rad coaverrely. 
Thit case should be compared to that of Fig 4 

3. Antheprogaordcrtadraactirobwnrblc? 
An a lut  p o m ~  the cooditiona for mcarunment of 
the equhbnum 8tate 8t the rubtxncur level should be 
Mid. The number of ndionuclida ncoessuy for 
yetenng an lcavity of one hntegratron per min ir 
dated to the half-life T (s) by 

which gtves N- 1 5 x lolo sbmr for fallout Pu or 
6 x 10' a m i  for 2sBPu The dawtion of 100 atom6 
of Pu by a caunbng h beyond the nacb of the mort 
mddw solid-state detbcton and tho beat available 
meuunng conQawr Even the detection of one 01 

pamcle per day above background tn the 5.5 MeV 
energy range would not be sufhcnt It must k con- 
cluded that the cstabluhment of cquihbna involwng 
Pu in a laqc closed uyatun hu hule chance of bdng 
wnfirmed, although chemical wparmon methodr of 
Pu in ib vanow oxdadon rbtn  am known [ f $45  - 
(ral A bettrrr approach might lie In the d y r i r  of a 
lnrp number of very mrall closed rptern~ or in the 
uat of new and unproved methodr Lucr momnce 
ionization mslll pctrometry xuputdy permiu dew 
bon of the order of 10' rtom [47l But wan in thi6 
me, the expcrimuntalin tr rdll fs#d with the problem 
of dealing with numbem of a m i  that arc d e r  by 
many otden of magaitudt. 

T - 42N 
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